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A B S T R A C T
The shaft of a conveyor belt drive pulley failed in service. An investigation was performed
in order to determine the failure root cause and contribution factors. Investigation
methods included visual examination, optical and scanning electron microscope analysis,
chemical analysis of the material and mechanical tests. A ﬁnite element analysis was also
performed to quantify the stress distribution in the shaft. It was concluded that the shaft
failed due to fatigue and that the failure was caused by improper reconditioning of the
shaft during routine overhaul.
 2013 Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
The drive pulley of a conveyor was replaced with an over-hauled unit during scheduled maintenance. After
approximately seven days of operation, the pulley shaft failed in the shoulder at the coupling between the shaft and gearbox.
The conveyor drive unit is schematically illustrated in Fig. 1.
The gearbox is rated to deliver 1803 Nm torque at 79.45 rpm.
The gearbox and motor are not mounted on a ﬁrm foundation, but are instead suspended between the conveyor pulley
shaft and a hinge point (see Fig. 2). The combined mass of the motor and gearbox is 230 kg–this load is shared between the
conveyor pulley shaft and the mounting hinge pin.
2. Investigation
2.1. Visual and stereoscopic inspection
Visual examination of the failed shaft revealed that it failed in the corner at a diameter step change. The corner appeared
to be very sharp, with hardly any stress relief radius. The fracture surface was ﬂat and oriented perpendicular to the axis of
the shaft. Visual appearance of the fracture (shown in Figs. 3 and 4) was indicative of fatigue with the following
characteristics (compare to the schematic illustrations in Fig. 5).* Corresponding author. Tel.: +966 3 359 9133.
E-mail address: vanzylgn@sabic.com (G. van Zyl).
2213-2902      2013 Elsevier Ltd. 
http://dx.doi.org/10.1016/j.csefa.2013.04.011
Open access under CC BY-NC-ND license.
Fig. 1. Schematic of conveyor pulley drive unit (viewed from top).
Fig. 2. Motor/gearbox mounting system.
Fig. 3. Failed end of shaft (sample A).
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Fig. 4. Failed pulley shaft (sample B).
Fig. 5. Schematic guide to appearance of fracture surfaces in fatigue failure of shafts [1].
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Fig. 6. Stereomicroscope images of mating fracture surfaces.
Fig. 7. Composite microscopic image of shaft corner where failure occurred (etched with Nital).
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Fig. 8. Appearance of fracture surface B where it is unaffected by smearing (etched with Nital).
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 Cyclic stress caused by rotating bending loads and a high stress concentration–fracture propagated more or less uniformly
from the entire circumference of the shaft.
In the text to follow, the broken off end of the shaft will be referred to as ‘‘sample A’’ and its fracture surface as ‘‘fracture
surface A’’. The pulley shaft is ‘‘sample B’’ and its facture surface ‘‘fracture surface B’’.
Examination of the fracture surfaces under stereomicroscope revealed characteristics that are not typical of fatigue. The
fracture surfaces appeared brittle with a rough texture (see Fig. 6).
2.2. Metallographic examination
Microscopic examination of samples from the shaft after etching with Nital 5%, revealed evidence of weld restoration of
the shaft external surfaces (see Fig. 7). Weld metal was not affected by the etchant, implying that a high alloy ﬁller metal was
used. The thickness of the weld build-up varied–at some locations it was completely removed by machining; at others a
thickness of more than 1 mm was measured.
The shaft corner where fracture initiated lies in the heat affected zone caused by the weld restoration.
Portions of the fracture surface not affected by smearing revealed a rough appearance with a mixed mode inter- and
transgranular crack path (Fig. 8).
No evidence of corrosion of the fracture face was observed.
2.3. XRF/CS and XRD analyses
Two samples of the shaft material were analyzed for chemical composition by means of XRF and Carbon/Sulphur Leco
analyser, results are provided in Table 1. The chemical composition, microstructural appearance and results of mechanical
tests concluded that the material is a fairly close match to BS 970 150M19 in the normalized condition.
EDX analysis was used to determine the chemical composition of the ﬁller metal that was used for weld build-up of the
shaft. Analysis revealed high percentages of chromium and nickel, typical of a grade 304 austenitic stainless steel. Full results
are provided in Table 2.
2.4. SEM/EDS analysis
Examination of the fracture surface under scanning electron microscope revealed a fairly rough, intergranular appearance
and there was a clear distinction between the appearances of the fracture surfaces near the origin and at the ﬁnal fracture
zone (see Fig. 9).
2.5. Mechanical tests
2.5.1. Tensile tests
Tensile tests were performed on samples of the shaft material in accordance with test method B of ASTM E8/8M-11 [2].
Samples were machined parallel to the axis of the shaft at the positions indicated diagrammatically in Fig. 10. The results
revealed good strength and ductility characteristics (see Fig. 10 and Table 3.).
Table 1
Chemical analysis of shaft material.
Element
Concentration (weight %)
Sample 1 Sample 2
C 0.170 0.172
Mn 1.087 1.108
Si 0.280 0.279
Cu 0.213 0.229
Cr 0.191 0.206
Ni 0.159 0.160
S 0.034 0.032
Al 0.033 0.035
Co 0.034 0.032
Mo 0.017 0.018
P 0.017 0.016
Ti 0.007 0.008
Nb Trace Trace
V Trace Trace
Fe Balance Balance
Table 2
Chemical analysis of weld metal.
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Impact tests were performed on samples of the shaft material in accordance with ASTM E23-12c [3]. Tests were
conducted at 20.1 8C on samples with dimensions 10  10  55 mm with a 2 mm notch. All samples failed in a ductile
manner and demonstrated good room temperature toughness (Table 4).
2.5.3. Fatigue tests
Fatigue tests were performed on six samples of the shaft material in accordance with ASTM E466-07 [4]. The results are
provided in Table 5 and illustrated in Fig. 11.
2.5.4. Hardness tests
Macro hardness measurements were performed in accordance with ASTM E10-12 [5] on the shaft cross-section along a
proﬁle across the diameter. The results show that the shaft material is slightly softer towards its centre, probably a
consequence of the forging process (Fig. 12).
Fig. 9. Fracture surface appearance (sample A).
Fig. 10. Tensile test stress-strain curves.
Table 3
Tensile test results (see Fig. 10 for locations).
Position 0.2% Proof Stress [MPa] Ultimate tensile strength [MPa] Reduction of area [%] Elongation [%] Elastic modulus [GPa]
1 410 560 57 22.2 213
2 293 515 58 27.8 213
3 426 570 61 22.9 207
Table 4
Impact test results.
Sample Impact energy [J]
1 160
2 188
3 163
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Table 5
Test parameters and results of fatigue tests.
Test
smax [MPa] smin[MPa] Stress ratio (smin/smax) Stress range smax–smin[MPa] Cycles to failure Comment
1 357.5 35.75 0.1 321.75 2,500,000 Runout
2 440 44 0.1 396 600,500 Sample 1 retest
3 440 44 0.1 396 271,496 Failed
4 385 38.5 0.1 346.5 1,214,755 Failed
5 495 49.5 0.1 445.5 9326 Failed
6 412.5 41.25 0.1 371.25 497,022 Failed
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Fig. 11. Fatigue S-N curve based on test results.
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Fig. 12. Hardness proﬁles measured on shaft cross-section across its diameter.
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(see Fig. 13 for the path of indentations). Results showed that the weld metal had signiﬁcantly higher hardness than the base
material, but no discernible effect in the heat affected zone (Fig. 13).
2.6. Stress analysis
A ﬁnite element analysis was performed on the shaft end. The shaft and coupling hub were modelled, along with the key
connection interface (see Fig. 14). Interfaces between the shaft, key and coupling hub were modelled using frictionless
contact conditions.
The vertical force and bending moment due to the weight of the motor (120 kg) and gearbox (110 kg), as well as the
gearbox torque load (1803 Nm) were applied to the end of the coupling hub (Fig. 14).
In addition to the weight loads, a small amplitude ‘‘wobbling’’ of the gearbox and motor was observed–probably due to a
combination of minor misalignment between the gearbox and pulley shafts and distortion of the supporting structure under
the applied load conditions. This will induce additional loading on the shaft, due to ﬂexing of the mounting beam. The
maximum movement of the gearbox and motor was measured as approximately 0.3 mm (amplitude = 0.15 mm). This
movement is resisted by a 530 mm long mounting beam made from a UPN 100 channel. The force required for such an
Fig. 13. Microhardness test results in a weld built-up area.
Fig. 14. Geometry of ﬁnite element model, showing applied loads.
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was therefore not considered in the analysis.
Combining result cases appropriately to obtain the stress range (due to full reversal of the motor and gearbox weight
loads) delivers the calculated stress range distribution provided in Fig. 15. Maximum stress occurs in the keyway.Fig. 15. Calculated stress range in shaft.
Fig. 16. Calculated stress range in shaft corner.
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range is far below the level where fatigue should be a concern (compare to the fatigue test results in Fig. 11)
A parametric study was performed to evaluate the effect of a ﬁllet radius in the shaft corner. Fig. 17 shows how stress
levels increase as the ﬁllet radius decreases. At the corner radius estimated from the failed shaft (0.5 mm), the calculated
stress range (151 MPa) is 83% higher than for the as-designed corner radius (82 MPa at a 4 mm radius)–a signiﬁcant increase,
but still far lower than the lowest fatigue tested stress range that led to failure (347 MPa). The endurance limit of the shaft
material is generally considered to be a factor of 0.46 of its tensile strength [6], [7]. Based on the average of three tensile tests,
the endurance limit can be estimated as 252 MPa–considerably higher than the maximum calculated stress levels.
3. Discussion
The investigation performed on the failed shaft delivered some contradicting ﬁndings. Firstly, the macroscopic
appearance of the fracture was very similar to fatigue failure, while closer microscopic examination revealed a fracture
appearance that was more brittle and intergranular than normal for a fatigue fracture. Further investigation showed that the
unexpected appearance of the fatigue fracture surface may simply be a characteristic of the material. Comparing the fracture
appearance of the shaft and the fatigue test samples revealed very similar morphologies (see Fig. 18). It can therefore be
concluded with conﬁdence that the failure mechanism is fatigue.
The ﬁnite element stress analysis concluded that stress levels developed in the shaft at the failure location are too low to
lead to fatigue failure when considered in isolation. Tests performed on samples of the shaft showed that the material has a0
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Fig. 17. Effect of shaft corner ﬁllet radius on calculated stress range.
Fig. 18. Comparing fracture surfaces of failed shaft (left) and fatigue test sample (right)–etched with Nital.
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approximately half of that and that fatigue failure should not occur.
The investigation found some factors that would have a negative inﬂuence on the fatigue resistance of the shaft. Firstly, it
was noticed that extensive weld build-up had been performed on the shaft. In the heat affected zone next to the welded
regions, the microstructure of the shaft material is affected by the welding process. Such heat affected regions generally have
reduced toughness and are less resistant to fatigue crack propagation. Examination of the fracture surfaces showed that the
shaft corner was machined to lie within or very near to the heat affected zone of the repair welding (Fig. 7 illustrates this in a
composited image). The distribution of welding performed during shaft reconditioning will develop tensile residual stress
levels in the shaft corner and, due to the effect of the increased mean stress, result in a signiﬁcant reduction in the fatigue life.
Numerous examples in literature show an association between fatigue failure of shafts and improper welding practices [8],
[9]; therefore great care should be taken when performing weld restoration on shafts in areas of stress concentration.
Another observation was that the shaft corner was machined without any stress relief radius. Due to local deformation of
the fracture face in this region is was not possible to measure a radius, but it appeared as if the shaft was machined with a
corner that is as sharp as practically possible. Such a corner has an extremely high stress concentration effect and is an ideal
site for the initiation of a fatigue crack.
The effects of reconditioning on the fatigue life of a shaft can be hard to assess, as a complex interaction of various
parameters may combine to either enhance or reduce the fatigue strength of the component. In the case of this speciﬁc shaft,
a number of factors were identiﬁed that raise concern about the quality of repair work:1 Weld build-up on the shaft was performed using a stainless steel ﬁller metal.
The welding procedure used for the repair calls for a carbon steel ﬁller to match the shaft material (E71T-1).
Examination of the weld deposit determined that a stainless steel ﬁller was actually used. While this does not directly
relate to a reduction in fatigue life, it does point to poor quality control during the repair.2 The shaft was not sufﬁciently machined back before weld build-up.
Before weld restoration the damaged shaft should be machined back to reduced dimensions so that machining to ﬁnal
dimensions after weld build-up does not expose some of the base material. In this case, this was not done. Machining to
ﬁnal dimensions resulted in a patchy surface where some regions were weld metal, while base metal was exposed at
others. The worst possible example of this occurred at the shaft shoulder corner where the weld built-up layer was
completely removed and the heat affected zone was exposed in the corner.3 The shaft shoulder corner at a change in diameter was not machined with a radius.
The end user drawing used for reconditioning of the shaft speciﬁes a 4 mm radius at the shaft shoulder corner. In actual
fact it was machined with a sharp corner. This will signiﬁcantly reduce the fatigue strength of the shaft.
It is evident from the investigation that the shaft failed due to fatigue that was in a large part caused by improper
reconditioning of the shaft. The following list describes the key ﬁndings supported by speciﬁc observations:1 Failure mechanism was fatigue.
 Visual/macroscopic observation shows features typical of fatigue.
 Shaft fracture surface appears microscopically very similar to fracture surface of a fatigue tested sample.2 Cyclic load was a rotational bending load.
 Appearance of fracture surface matches expected appearance of a rotating bending fatigue failure (see Fig. 5).
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3 Magnitude of the applied cyclic load was low.
 The ﬁnal fracture zone was small compared to the cross-sectional area of the shaft.
 FEA result showed low expected operating stress levels.4 Stress concentration at the point of crack initiation was high.
 No clear point of crack initiation–crack appears to have initiated from around the full circumference.
 Visual examination of the shaft showed extremely sharp corner.4. Conclusion
The shaft failed as a result of fatigue. The cyclic load leading to fatigue failure was caused by the weight of the gearbox and
motor being carried (partially) by the conveyor pulley shaft.
Fatigue failure is highly unlikely to have occurred without the contribution of the following two factors:1 An extremely sharp corner was machined at the shaft shoulder where its diameter changes.
2 Weld restoration of the shaft external surfaces caused a heat affected zone in the sharp corner at the shaft shoulder.
The mechanical design and material selection of the shaft is appropriate for its intended service. Failure can be attributed
to improper repair/reconditioning of the shaft.
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